Abstract. We present zero-point vibrational corrections to the indirect nuclear spin-spin coupling constants in ethyne, ethene, cyclopropene and allene. The calculations have been carried out both at the level of the second order polarization propagator approximation (SOPPA) employing a new implementation in the DALTON program, at the density functional theory level with the B3LYP functional employing also the Dalton program and at the level of coupled cluster singles and doubles (CCSD) theory employing the implementation in the CFOUR program. Specialized coupling constant basis sets, aug-cc-pVTZ-J, have been employed in the calculations. We find that on average the SOPPA results for both the equilibrium geometry values and the zero-point vibrational corrections are in better agreement with the CCSD results than the corresponding B3LYP results. Furthermore we observed that the vibrational corrections are in the order of 5 Hz for the one-bond carbon-hydrogen couplings and about 1 Hz or smaller for the other couplings apart from the one-bond carbon-carbon coupling (11 Hz) and the twobond carbon-hydrogen coupling (4 Hz) in ethyne. However, not for all couplings lead the inclusion of zero-point vibrational corrections to better agreement with experiment.
INTRODUCTION
The calculation of NMR spin-spin coupling constants (SSCCs) is for good reasons generally considered to be more challenging than the calculation of other linear response properties [1, 2, 3] . The particular form of the operators representing the interaction between the nuclear spins and the electronic spin and angular momentum necessitates the use of specialized basis sets such as e.g. the aug-cc-pVTZ-J basis set [4, 5] or the ccJ-pVXZ [6] and pcJ-n [7, 8] series of basis sets. The appearance of triplet instabilities [9, 10] in the restricted Hartree-Fock wavefunctions in particular for multiple bonded systems or molecules with lone-pairs makes is often necessary to employ high-level wavefunctions. Solvent or in general environment effects can be significant [11] and finally coupling constants exhibit often a strong dependence on the geometry. The latter implies that vibrational corrections can be expected to be significant [12] . A particular spectacular example is the vicinal fluorine-fluorine coupling in difluoroethyne, for which it is absolutely necessary to treat the basis set, the electron correlation and the geometry dependence at the highest possible level as they are of almost equal importance. We obtained thus recently a basis set extrapolated CCSD single-point value of 5.2 Hz, a vibrational correction calculated at the CCSD level of 3.6 Hz at 173 K and a CC3 triples correction for the paramagnetic nuclear spin electron orbit (PSO) term of -5.5 Hz leading to a final value of 3.3 Hz in good agreement with the experimental value of ±2.1 Hz [13] .
In the present work we follow up on this study and report SOPPA, CCSD as well as B3LYP density functional theory (DFT) zero-point vibrational averaged (ZPVA) coupling constants of the four hydrocarbons ethyne, ethene, allene and cyclopropene employing the specialized aug-cc-pVTZ-J basis set. Vibrational corrections to ethyne have been studied several times, among those at the SOPPA(CCSD) [14, 15] and CCSD [16] levels as well as at the B3LYP level using both vibrational perturbation theory [17] and the vibrational configuration interaction method [18] . Ethene was also previously studied at the CCSD level [16] , while ethene, allene and cyclopropene had been treated at the B3LYP level [19] before. However, in the previous CCSD calculations a significantly smaller basis set has been employed and the anharmonic force field was evaluated at the CCSD level contrary to what has been done in the present work.
COMPUTATIONAL DETAILS
Using vibrational perturbation theory the coupling constant in the vibrational ground state, < J > 0 , can approximately be calculated from the value at an equilibrium geometry, J eq , and a zero-point vibrational correction (ZPVC), ∆J, given as [20, 12, 1] 
where
are the first and second derivatives of the coupling constants with respect to the dimensionless normal coordinates q i , ω i are the harmonic vibrational frequencies and k i j j the semi-diagonal cubic force constants. Employing this expressions zero-point vibrational corrections could so far be calculated automatically with the Dalton program [17, 21] at the DFT level. For the 2013 version of Dalton [21] this implementation was extended to allow also for calculations at the SOPPA level in combination with an equilibrium geometry and force fields evaluated at the MP2 level.
In the present work all coupling constant calculations, equilibrium geometry values and derivatives, were carried out with the aug-cc-pVTZ-J basis set, which was tuned for the calculation of SSCCs dominated by the Fermi contact term [4, 5] , while for the geometry optimizations and force constant calculations the smaller cc-pVTZ basis set [22] was employed. In the SOPPA ZPVA calculations the geometries and force constants were calculated at the MP2 level, i.e. SOPPA//MP2, while for the CCSD ZPVA calculations they were obtained at the CCSD(T) level, i.e. CCSD//CCSD(T). In all calculations apart from the coupled cluster calculations, which were carried out with the CFOUR program [23, 24, 25] , the Dalton program was employed [26, 27, 21] .
RESULTS AND DISCUSSION
In the following the equilibrium geometry and zero-point vibrational averaged coupling constants at the B3LYP, SOPPA//MP2 and CCSD//CCSD(T) level will be discussed and compared with the available experimental values and previous results. Table 1 , differs from the other three molecules due to its unusually large ZPVC to 1 J(CC), which is confirmed by more accurate vibrational configuration interaction calculations [18] . Both our SOPPA J eq and ∆J values of this coupling are close to the CCSD results, while B3LYP predicts a significantly too large J eq and smaller ∆J. The same pattern repeats itself for 2 J(CH), while for 1 J(CH) the SOPPA J eq and ∆J values are significantly larger than the CCSD results and the B3LYP results are even larger. For 3 J(HH) the ∆J values are smaller than 1 Hz with all three methods, but for J eq B3LYP is in better agreement with the CCSD value than SOPPA.
Inclusion of the ZPVC improves the agreement with the experimental values [28] apart from the SOPPA and B3LYP calculations for 1 J(CH). Compared to the previous CCSD calculations using a non-specialized basis set [16] our CCSD calculations give in general larger J eq values and the differences in the ∆Js only increase the difference for < J > 0 . This is in particular true for 1 J(CH), where the previous CCSD result underestimated the experimental value by almost 9 Hz and we only slightly overestimate it. Compared to the previous B3LYP calculations [17, 19] we obtain also larger J eq values like for CCSD, which probably reflects our use of the larger aug-cc-pVTZ-J basis set, but the differences in the ∆J are quite small. With respect to the previous SOPPA(CCSD) results [14, 15] , we do not find a significant difference for 1 J(CC) and 2 J(CH) but for 1 J(CH) and 3 J(HH) SOPPA(CCSD) appears to perform better with respect to the CCSD and experimental values. Table 2 , the SOPPA J eq and ∆J differ by less than 2 Hz and 0.5 Hz, respectively, from the CCSD values for the geminal and vicinal couplings, but larger differences are observed for 1 J(CH). The B3LYP J eq values differ more from the CCSD values than SOPPA for all couplings but 2 J(CH). The B3LYP ∆J corrections are for the oneand two-bond couplings somewhat smaller than the SOPPA corrections and thus in better agreement with the CCSD values with the exception ∆ 2 J(HH), where the B3LYP ZPVC has the opposite sign than the other methods. For the vicinal couplings the B3LYP ∆J show larger deviations from CCSD than SOPPA.
Compared with the liquid crystal experimental values [29] adding the ZPVCs does not lead to better agreement apart from the B3LYP calculation of 2 J(CH). However, one should keep in mind that the present calculations do not include environment effects, which might be significant for liquid crystals. Similar to ethyne our CCSD J eq values are all larger than the earlier CCSD results with a non-specialized basis set [16] . On the other hand, the differences in the ∆J are rather small, which signifies that a good basis set is important for the absolute value of the SSCC, but may be of less importance for predicting the right shape of the property surface relative to an improvement in the correlation level. Compared to the previous B3LYP calculations [17, 19] we obtain again larger J eq values but the ZPVCs results are identical to ours to the given precision.
Cyclopropene
The results for cyclopropene are shown in Table 3 . The agreement between the SOPPA and CCSD results is analog to ethene: good agreement (less than 2 Hz for J eq and less than 0.5 Hz for ∆J) for all couplings but 1 J(CH), where significantly larger differences are observed for J eq . With a few exceptions, 1 J(C-C), one of the 2 J(CH) and 3 J(HH), the B3LYP J eq results show larger deviations from the CCSD values than SOPPA, whereas for ∆J the differences between SOPPA and B3LYP are small.
We are only aware of experimental values for the one-bond carbon-hydrogen couplings [30] . Inclusion of the ZPVC leads to almost perfect agreement in the CCSD calculations, but deteriorates the SOPPA and even more the B3LYP results as their J eq results are already larger than the experimental values contrary to the CCSD J eq value. The differences between our and the previous B3LYP [19] J eq results are marginal apart from the 1 J(C-H)s and the ZPVCs are identical to the given precision. Table 4 the vibrational averages for the SSCCs in allene are shown. For SOPPA two values are given for the zero-point vibrational averaged SSCC. For the first, < J > 0 , all four contributions to the SSCC were averaged, while for the second, < J > FC 0 , only the dominant Fermi contact (FC) term was averaged. This should allow a better comparison with the CCSD results, where only the FC term was averaged. By comparing the two SOPPA columns it can be seen that the vibrational corrections to the remaining terms mostly cancel, and thus contribute at most 0.15 Hz relative to averaging the FC term alone. The electonic structure appears to be different from the other molecules, as we observe larger differences between the SOPPA and CCSD J eq values and as the B3LYP J eq results are in better agreement with the CCSD values apart from the one-bond couplings. Also the differences between the ∆Js are larger and the B3LYP values are generally closer to the CCSD values.
Inclusion of the ZPVCs significantly improves the agreement of the CCSD results with the experimental values [31, 32] for the one-bond couplings such that 1 J(CH) is identical to the precision given. However for the other couplings and methods the agreement deteriorates. Compared to the previous B3LYP calculations [19] we obtain as for ethene slightly larger J eq values in most cases but the ZPVCs are identical to the given precision. 
CONCLUSIONS
We present the first application of an automatic approach for calculation of vibrational corrections to indirect spinspin coupling constants at the SOPPA level combined with an MP2 optimized geometry and MP2 force constants. SOPPA//MP2 results using the aug-cc-pVTZ-J basis set for all coupling constants in the four small hydrocarbons, ethyne, ethene, cyclopropene and allene, are compared with equivalent results obtained at the B3LYP and CCSD//CCSD(T) level. Averaging the deviations of the B3LYP and SOPPA results for J eq and ∆J from the CCSD results separately for carbon-carbon, carbon-hydrogen and hydrogen-hydrogen couplings and for all, in Table 5 , shows that SOPPA gives on average results closer to CCSD than B3LYP both for the equilibrium geometry values and the zero-point vibrational corrections. Furthermore, one can see that the differences for the zero-point vibrational corrections are an order of magnitude smaller and on average less than 1 Hz in general and less than 0.5 Hz in the case of SOPPA. However, including the zero-point vibrational corrections improves the agreement with experiment for only 4 of the 17 couplings in the case of SOPPA or B3LYP compared to 11 couplings in the case of CCSD due to the errors in the equilibrium geometry values. This might indicate that it is only advisable to add zero-point vibrational corrections, if the equilibrium geometry value is sufficiently converged with respect to the treatment of electron correlation.
